Turbidity currents are submarine flows where the sediment fluid mixture (heavy current) drives along the sloping ocean floor displacing the surrounding clear fluid (light ambient). Under the influence of gravity, the suspended sediments drive the current and at the same time settle down on the ocean bed. The interplay of turbulent mixing and settling sediments leads to stable stratification of sediments in the turbidity current. In previous studies (Cantero et al. 2009b; Cantero et al., 2009a; Cantero et al., 2012a; Talling et al., 2007) it was observed that strong settling tendency (large sediment sizes) could cause complete turbulence suppression. In this study, we will analyse this process of complete turbulence suppression by means of direct numerical simulations (DNS) of turbidity currents. In wall bounded unstratified flows, it has been long established that turbulence is sustained by the process of auto-generation of nearwall hairpin like and quasi-streamwise turbulent vortical structures. It was also identified that auto-generation is possible only when the strength of the turbulent structures is greater than a threshold value (Zhou et. al., 1996) . Through quadrant analysis of Reynolds stress events and visualization of turbulent vortical structures, we observe that stratification by sediments lead to damping and spatial re-distribution of turbulent vortical structures in the flow. We propose that complete turbulence suppression is brought about by a total shutdown in the auto-generation process of the existing turbulent structures in the flow. We also identify three parameters -Reynolds number (Re t ), Richardson number (Ri t ) and sediment settling velocity (Ṽ z ) that quantify the process of turbulence suppression. A criterion for complete turbulence suppression is also proposed which can be defined as a critical value for Ri tṼz . This critical value is a function of Re t and based on simulations, experiments and field observations it appears to have a logarithmic dependence on Re t (Cantero et al. 2012) . DNS of turbidity currents driven by bi-disperse suspension of sediments is also carried out and compared with the results of mono-disperse suspensions.
INTRODUCTION
Gravity currents are predominantly horizontal flows driven by density difference between the current and the surrounding ambient fluid. Gravity currents form an important category of fluid flows whose manifestations are abundant in geophysical, environmental and industrial processes; snow avalanches, turbidity currents, dust storms, pyroclastic flows, lava flows, leakage of poisonous gas into ambient environment, dam-breakage etc. are some examples (Simpson 1997) . Gravity currents where dispersed phases like suspended sediments impose the excess density needed for its sustained propagation exhibit rich variety of physics due to the non-conservative nature of the driving agents (Allen 2001) . These flows are also of great scientific interest owing to their ability of transporting the dispersed medium. Powder snow avalanches, dust storms, pyroclastic flows, etc. are some examples of non-conservative gravity currents. Turbidity currents are their submarine counterparts where the water close to the ocean floor is rendered heavy by the excess quantity of suspended sediments which drives the heavy (water-sediment) mixture along the ocean floor displacing the surrounding light ambient water over it. Turbidity currents can be extremely energetic, erosive, travel long distances and carry large sediment loads (Pirmez & Imran 2003 ; Krause et al. 1970) . Recurring occurrences of turbidity currents are known to carve out different topographies on the ocean floor. Some of the submarine canyons are a testimony to the erosive nature of these currents.
The above characteristics make turbidity currents an important submarine sediment transport mechanism. They are responsible for the organic matter from rivers to be brought deep into the ocean where the action of high pressure and temperature transform them into hydrocarbon reservoirs over geological time scales. Therefore turbidity currents are an important category of submarine flows and an improved understanding of their dynamics is essential.
Due to the non-conservative nature of suspended sediments, apart from driving the current, they are freely exchanged with the ocean floor by means of deposition due to settling and resuspension due to erosion. Furthermore, the current itself interacts with the surrounding by entraining ambient water. To understand the dynamics of the current, one needs to understand these interactions well. The nature of these interactions are governed by factors like the amount of sediment load, properties of the sediments, state of the ocean floor, ambient conditions etc. In other words, these factors determine the rheology of the flow, which in turn determines the mechanisms responsible for entrainment of sediments from the floor and to keep them in suspension. Here we will restrict our attention to dilute turbidity currents (currents driven by dilute suspension of sediments) so that flow turbulence is the sole mechanism responsible for entraining sediments and keeping them in suspension.
It is known that the settling tendency of sediments and turbulent mixing in the flow leads to a stratified turbidity current. This stratification suppresses turbulence by limiting the exchange of mass and momentum in the bed-normal direction and in extreme cases can lead to complete shutdown of turbulence. In such extreme cases, absence of turbulence leads to heavy deposition of sediments, which may result in complete cession of the flow (Talling et al. 2007 ; Cantero et al. 2012a) . Previous research (Pantin 1979; Parker 1982) analysed dilute turbidity currents and classified them into three states based on their ability to retain sediments as depositional, selfaccelerating and auto-suspension or by-pass. In the depositional state, the current is incapable of retaining sediments and progressively loses its driving potential. Such currents will eventually cease to exist. In the self-accelerating state, the current is energetic enough not only to retain sediments but to also erode even more sediments from the floor. The driving potential of such a current will progressively increase and set up a reinforcing cycle of excessive erosion and acceleration. Auto-suspension or bypass is the limiting state where the current is energetic enough so that it exactly maintains the sediment load, i.e., the driving potential is always conserved. Here we will consider continuous currents in bypass state and focus our attention on the interaction of sediments and turbulence in the body of the current 1 .
In real turbidity currents the flow is highly turbulent with a large Reynolds number of O (10 6 ) and contain sediments of various sizes (Parker 2008) . The large sized sediments do not get suspended into the flow and are transported along the ocean floor as bedload. On the other hand, washload sediments are so fine that they effectively do not settle and remain well mixed in the flow. In this work we will focus on the intermediate sized sediments that settle towards the floor and can be entrained in the flow by turbulence.
Direct numerical simulations (DNS) with Reynolds numbers comparable to field scale will require extremely high resolution in space and time. At present DNS of a field scale turbidity currents is not possible even with the current state-of-the-art high-performance computers. Therefore in terms of DNS we will be restricted to low to moderate Reynolds numbers. Nevertheless, through such simulations we can gain fundamental understanding of the effects of suspended sediments on turbulence. The understanding gained from such simulations can then be extrapolated and used in various models of field scale turbidity currents.
Recently, Cantero et al. (2009a,b) carried out DNS of continuous dilute turbidity currents by modelling them as inclined channel flow driven by the excess density imposed by mono-disperse suspensions of sediments. This mathematical model ensured that the flow remains in by pass mode and reaches statistically steady state. Cantero et. al. (2009b) demonstrated that turbulence can be completely damped when the settling velocity of sediments exceeds a certain threshold value. However, this model employed an artificial rigid top boundary that continued to generate turbulence near the rigid top boundary and diffused downwards into the flow. This influenced the turbulence suppression by stratification and affected the identification of the suppression mechanism and a clear interpretation of the results.
We have extended the previous work by Cantero et al. (2009b) to obtain a comprehensive understanding of the mechanism of complete turbulence suppression. In the present model of equilibrium turbidity current a stress-free top boundary is imposed, which limits turbulence generation to only the bottom boundary. This approach has allowed complete turbulence suppression to occur over the entire channel height. However, as in the previous model, ambient fluid entrainment is not considered so that the slow streamwise development of the current can be ignored.
The model presented here preserves the essential features of turbidity currents, i.e., the flow is driven by suspended sediments and stratified by their settling. From the DNS, we observed that below a threshold value of sediment settling velocity the current remained vigorously turbulent with moderate damping effects. However, even a slight increase above the threshold sediment settling velocity brings about complete turbulence suppression in the flow. This abrupt transition is intriguing. We have explored the mechanism of this transition form both statistical and mechanistic point of view in terms of how the auto-generation of turbulent vortical structures is completely disrupted above the threshold for turbidity currents driven by mono-disperse suspensions of sediments (Shringarpure et. al., (2012) ). Here we will also present a simple theoretical argument to quantify the dynamics of complete turbulence suppression. Three parameters Reynolds number (Re t ), Richardson number (Ri t ) and sediment settling velocity (V z ) are identified that quantify the turbulence suppression mechanism. We propose that complete turbulence suppression occurs when a critical value for Ri t V z is reached. Furthermore, this critical value for is Ri t V z dependent on Re t and from limited field observations, experiments and DNS it appears to have a logarithmic dependence on Re t (Cantero et. al. (2012b) ).
We have also extended the existing mathematical model to incorporate bi-disperse sediment suspensions. Here we will present the DNS results of turbidity currents driven by bi-disperse suspensions. These simulations show that the dynamics of complete turbulence suppression is similar to that of the mono-disperse suspensions. Furthermore, we observed that the complete turbulence suppression criterion holds for bi-disperse suspension of sediments.
PROBLEM FORMULATION
Here we will describe the mathematical model for currents with bi-disperse suspensions of sediments. These currents are modelled as an inclined channel flows with a slope of q with respect to the horizontal. The flow in the channel is driven by bi-disperse suspension of sediment that drag the fluid in the streamwise direction and also settle down stratifying the flow (see Figure 1) . The suspension is assumed to be dilute so that collision between sediment particles and rheology effects can be neglected, settling velocity of sediments is assumed to be independent of local concentration and Boussinesq approximation is employed. Furthermore, the problem is simplified by assuming the smaller or the fine sediment in the bi-disperse suspension to have effectively zero settling velocity or negligible settling tendency. As a consequence of this, the complete set of dimensional governing equations are as shown below.
(1)
The last term in (1) is the body force due to bi-disperse suspension of sediments where R = (r s -r w )/r w and c is the volumetric concentration of sediment particles. Here it is assumed that both the sediment types have approximately the same material density. e g = {g x ,0,-g z } is the gravity vector in the reference frame attached to the inclined channel. Implicit in these equations is that the inertial effects of the sediments are of second order compared to the settling effects (Ferry & Balachandar 2001; Cantero et al. 2008a,c) . Notice that the model does not contain a concentration equation for fine sediments. This is because the fine sediments have negligible settling velocity, which makes its concentration equation trivial. Sediment particles are also assumed to be noncohesive. Sediment particles are large enough so that their Brownian motion can be ignored, but diffusivity of such large particles still exist due to the long range hydrodynamic forces mediated through the continuous phase by random fluctuations in the particle number density (Segre et al. 2001; Mucha & Brenner 2003) . This diffusive term also acts as a mechanism to re-suspend sediment particles form the bed (Garcia & Parker 1993 ).
The channel is assumed to be periodic in the streamwise and spanwise direction. The height of the simulation domain is L z = h and its streamwise and spanwise lengths are L x = 4ph and L y = 4ph/3, respectively. No-slip boundary condition is imposed on the bottom boundary (bed) and the top boundary imposes no-stress condition. For coarse sediments, the top and bottom boundary of the channel imposes zero net flux of sediments. This is achieved by enforcing the local settling flux to be exactly equal to the vertical diffusive flux of the sediments on the channel boundaries. In other words, sediments that settle down on the boundary are instantly resuspended in the flow. This condition ensures that the total sediment load in the channel is conserved and the flow can reach a statistically stationary state. The boundary conditions imposed on the computational domain can be expressed mathematically as follows (4) (5) (6)
Dimensionless equations
The mathematical model described in the previous section has a fully developed statistically stationary state. The mean flow equations obtained by averaging the momentum and concentration equations over turbulence read 
(8)
Averaging is done spatially in the two homogeneous directions, i.e. streamwise and spanwise, and over time. Since there is no gravitational acceleration along the spanwise direction, the mean flow in spanwise direction is 0. Similarly mean velocity in the bed-normal direction is 0 due to continuity and no penetration condition on the channel boundaries. Also, notice that pressure appears only in (8) . Integrating (7) in the bed-normal direction gives the stationary state balance between the friction on the channel boundaries and the driving force due to the buoyancy effect imposed by suspended sediments. Since the channel top boundary imposes no-stress, the driving force is balanced by friction on the bed. We can write the force balance as shown below (10) (11) Note that the Reynolds stress term in (7) drops out, as it is exactly zero on the boundaries. From (10) we can define friction velocity as shown below (12) and is used as the velocity scale. Length scale is 'h' i.e. the height of the channel, time scale is h/u * , pressure scale is r w u 2 * and concentration scale is C (u) . Using these scales, governing equations (1)-(3) reduce to the following dimensionless form.
(13) (14) (15) Here e = {1,0,-1/tanq} is the dimensionless gravity vector. Reynolds number (Re t ) and Schmidt number (Sc) are the two dimensionless parameters governing the flow and their forms are as shown here g ρ ( ) ( )
The total volumetric sediment concentration of the individual sediment types can be reduced using the concentration scale as shown (16) In summary, the above bi-disperse formulation is a 5 parameter problem where the 5 parameters are Re t , Sc, q, Ṽ c and g f (since Ṽ f ª 0 and g c = 1 -g f ).
Selecting appropriate values for the parameters
Typically the inclination of the continental slope on the ocean floor ranges from 1˚ to 10˚ (Pinet, 2006) , hence we fix the slope of the channel at q = 5˚in all the simulations (this gives (tanq ) -1 = 11.43). It is reasonable for a field turbidity current to grow to a height of h = 20 m and to be driven by a mean volume concentrationC (u) = 0.005 of sand particles in water (R = 1.65 and n = 10 -6 m 2 s -1 ).
Under these conditions, the definition in (12) gives u * = 0.38 ms -1 . Furthermore, such a turbidity current will be composed of sediment particles whose diameter ranges from 70 mm and 120 mm and their corresponding terminal settling velocities will range from V = 0.004 ms -1 and 0.01 ms -1 (Parker, 2008) . This range, in terms of its dimensionless form will be Ṽ z = 1 . 10 -2 to Ṽ z = 2.6 . 10 -2 . The corresponding Reynolds number Re t = 7.5 . 10 6 of the field scale current is too large and therefore cannot be studied with DNS. (1) . Therefore the present simulations employ Sc = 1. In case of bi-disperse sediment suspensions, there are two additional parameters that need to be specified, i.e.V c and g f . Since fine sediments have nearly negligible settling velocity, they will not impose any stratification on the current and conceptually g f is equivalent to a uniform pressure gradient acting on the flow. In other words, coarse sediments are solely responsible for inducing turbulence damping effects. This bi-disperse problem will be interesting and non-trivial only when coarse sediments are big enough (V c > V c ,critical ) to cause complete turbulence suppression. In other words, for a given size of coarse sediment there should exists a critical composition of the bi-disperse suspension so that even a small increase in the amount of coarse sediments (at the expense of fine sediments) will cause complete turbulence suppression. Table 1 shows the list of mono-disperse cases studied and Table  2 shows the list of bi-disperse cases. 
NUMERICAL SCHEME
We solve the dimensionless governing equations (13)- (15) using a de-aliased pseudo-spectral code (Canuto et al. 1988 ). Fourier expansions in the tangential direction to the bed (x, ỹ) and by Chebyshev expansions in the bed-normal direction (z) are used to approximate the flow variables. Momentum equation along with the incompressibility criteria is solved by a splitting method. We use the low-storage mixed third order Runge-Kutta and Crank-Nicolson scheme is used for temporal discretization of advection and diffusion terms. This scheme is carried out in three stages with pressure correction at the end of each stage. Refer to Cortese & Balachandar (1995) for complete details on the implementation of the scheme. The grid resolution of (N x , N y , N z ) = (96,96,97) is used and it is found to be sufficient for the Reynolds number selected in this study (Cantero et al. 2009a; Cantero et al. 2009b ).
RESULTS AND DISCUSSION
Here we will first briefly describe the results of DNS of turbidity currents driven by monodisperse suspensions of sediments. Previous research has highlighted the existence of a critical settling velocity beyond which complete turbulence suppression occurs (Cantero et al. 2009a; Cantero et al. 2009b ). The underlying mechanisms responsible for complete turbulence suppression were explored through DNS of the mathematical model proposed in the previous section. Table 1 
Turbulence statistics
The mean concentration profiles of selected cases given in Table 1 are shown in Figure 2 (a). As the settling velocity of sediments increases, the resulting concentration profile increasingly deviates from the reference profile of case 0. The mean concentration profile generated due to settling sediments results in driving force, represented by the streamwise component of the body force (see the last term on the right hand side of (13)), skewed towards the bed. On the other hand, the stable stratification induced by concentration gradients tends to dampen turbulence and this effect is captured by the bed-normal component of the body force (see the last term on the right hand side of (13)). (17) In order to keep the sediments well mixed in the flow ∂ -c/∂ -z ª 0, there must be a proportionate increase in the turbulent flux as the settling velocity of sediments increases. The relative importance of turbulent flux of sediments can be seen in Figure 3 (a), which shows the variation in the ratio of turbulent flux to settling flux in the bed-normal direction. From Figure 3 (a) it is evident that the increase in turbulent flux is not proportionate for all the cases shown. This ratio shows a decreasing trend with increasing settling velocity of sediments, but the decrease is not very sensitive for cases 1 to 3. Also, the decrease is not uniform throughout the channel, it is more pronounced near the top boundary than near the bed. This asymmetry is due to reduction of turbulent transport from near the bed, where turbulence production occurs, to the upper part of the channel. For case 4 the turbulent flux of sediments is zero, which confirms that total turbulence suppression has indeed occurred.
Figure 3(b) shows profiles of the Reynolds stress --u¢w¢ For cases 1 to 3 the small reduction in Reynolds stress with increase in the settling velocity of sediments suggests that the effect of stratification is weak. However, with further increase in settling velocity of sediments above the critical value, a dramatic shut-off is seen in the Reynolds stress.
Before we delve into other higher order turbulence statistics, lets look at the stratification effect on simple turbulence models like eddy diffusivity. An important advantage of DNS is to be able to aid development of more accurate turbulence models for such flows. From the DNS data we can compute eddy viscosity in the channel as shown here 
Figure 4(a) shows the profile of eddy viscosity in the channel as the settling velocity of the suspended sediment particles is increased from case 0 to case 3. For case 0 the eddy viscosity is nearly symmetric about z~ 0.5. With increase in the sediment settling velocity, the profiles get damped and skewed towards the bottom. Clearly, the stratification effect alters the nature of eddy viscosity. Also shown in the figure by symbols is the eddy viscosity model n T = k u * z(1 -z). Here k is the von Karman constant. For turbulence-stratified cases 1 to 3 a modified value of von Karman constant is used. This value is such that it gives a good log law fit for the mean streamwise velocity profile. Values taken by k are provided in the figure caption. As expected this model does a fair job away from the bottom wall for the pure channel flow case (case 0). From the figure it is clear that stratification modifies the turbulence associated with a pure channel flow substantially. Using a modified value for k in the eddy viscosity model may give a reasonable approximation of the mean flow.
Turbulence models are also needed to obtain the concentration profile in the channel. Typically turbulent fluxes arising out of the concentration equation have been approximated by the eddy diffusivity assumption (D T = bk u * z(1 -z) where b is a proportionality constant). As seen earlier, the stratification effect of suspended sediments inhibits wall normal mixing of momentum and mass. Figure 4(b) shows the eddy diffusivity profiles obtained from the DNS data (profiles represented by lines). We can write eddy diffusivity as (19) Furthermore, the eddy diffusivity can be approximated using the modified k value obtained from the eddy viscosity profiles. These approximations are also represented in Figure 4 (b) by symbols. It is evident that a parabolic profile for eddy diffusivity or viscosity will over predict the amount of turbulence mixing away from the bottom wall considerably.
Turbulent kinetic energy balance
From the previous analysis it is clear that beyond the critical settling velocity there is abrupt shutdown of turbulence in the flow. Let us now look at some of the important terms in the turbulent kinetic energy (TKE) equation to understand the effect of stratification on them. Following is the TKE equation for statistically stationary flow field in its dimensionless form. (20) where P is TKE production, ⑀ is TKE dissipation, k is TKE, D is diffusion of TKE and T is transport of TKE by velocity fluctuations.
In the above equation, terms on the right hand side arise out of the buoyancy terms that were present in the momentum equations. These terms can be interpreted as the amount of TKE spent by the flow locally to keep the sediment particles in suspension. The terms in the square brackets are the TKE transport terms due to various mechanisms like advection due to velocity fluctuations, transport by pressure fluctuations and viscous transport or diffusion. Figure 5 shows the TKE profiles. As seen before, for suspensions containing sediments that have subcritical settling velocity
Re
Re (case 1 to case 3) the stratification effect results in only weak damping of TKE. However, as soon as the settling velocity of sediment particles is increased beyond the critical value (case 4) it results in complete shutdown of TKE. Similar trends are seen for TKE production and TKE dissipation terms (see Figure 6 (a) and 6(b)). TKE production profiles for case 1 to 3 show weak damping. About 10 % damping is observed for TKE production peak for case 3. However, there is sudden shutdown of turbulence at case 4 and the TKE production is exactly zero throughout the channel height. This abrupt and total turbulence suppression is intriguing as it occurs due to slight increase in the sediment settling velocity beyond case 3. On the other hand, TKE damping (the terms on the right hand side of (20) ) is observed to increase proportionately with the settling velocity of sediment particles (see Figure 6(c) ). But interestingly, the TKE damping terms are only a small fraction 
igure 6. Profiles of (a) TKE production, (b) dissipation and (c) damping associated with different mono-disperse suspensions. Refer to Table 1 for complete details.
of TKE production, especially in the region of TKE production peak. This suggests that TKE damping terms have a strong influence on the flow and even small quantities can potentially lead to complete turbulence suppression. We now probe into the effect of stratification on the transport terms in the TKE equation. Figure 7 (a), (b) and (c) presents the TKE diffusion (D), TKE transport due to velocity perturbations T and TKE transport due to pressure perturbations for the mono-disperse suspensions (see (20) ). As expected TKE diffusion process is active and strong very close to the bottom wall. Sufficiently away from the boundary TKE is predominantly transported due to turbulent convection (velocity perturbations) and pressure transport term. Furthermore, the TKE diffusion process is nearly independent of the stratification effect. All the profiles (case 0 to case 3) are nearly on top of each other. This is expected, as the stratification effect will not interfere with the diffusion mechanism, which is only depends on the Reynolds number of the flow. In the TKE balance the deficit between production and dissipation is balanced by the transport terms and the damping terms. Figure 7(b) shows the profiles of TKE transport due to wall normal velocity fluctuations. As the settling velocity of sediment particles is increased from case 0 to case 3, the increased stratification is responsible for inhibiting the transport of TKE from the location of TKE production peak into the bulk flow. While the transport towards the bottom wall is seen to increase with settling velocity.
These results lead to the viewpoint that there exists a critical value for settling velocity of sediments and even a small increase beyond this value will cause a sudden change in the flow regime.
Reynolds stress events
The mechanism by which turbulence is sustained in a wall-bounded flow even when the wall is smooth has been an active area of research (Brooke et . These hairpin and other quasi-streamwise vortices in a turbulent wall layer generate secondary, tertiary and additional vortical structures over time and sustain turbulence. It is also shown that only when the amplitude (strength) of the vortical structures is above a certain threshold they possess the ability of auto-generation. The implication is that if the strength of the vortical structures falls below a certain threshold they lose their ability to auto-generate and thus fail to sustain turbulence.
We pursue the arguments presented above to explore the effect of suspended sediments on the vortical structures in the flow. For the mono-disperse cases considered, a quadrant analysis of 232 Figure 7 . Profiles of (a) TKE diffusion, (b) TKE transport due to wall normal velocity fluctuations and (c) TKE transport due to pressure perturbations associated with different mono-disperse suspensions. Refer to Table 1 for complete details.
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the streamwise and bed-normal velocity fluctuations is performed to obtain a statistical picture of the Reynolds stress distribution. By analysing the Reynolds stress events, we obtain qualitative understanding of the behaviour of vortical structures in an environment of increasing stable stratification. From the ũ¢ -w¢scatter plot, the probability P(x) = Pr{ũ¢w¢} that the local instantaneous Reynolds stress takes a value x is computed. Traditionally the ũ¢ -w¢ scatter plot is divided into four quadrants, of which quadrant-2 (Q2) and quadrant-4 (Q4) contribute to negative Reynolds stress and have been recognized to be the most significant. Q2 events correspond to quasi-streamwise and hairpin vortices in the flow, which are responsible for sustaining turbulence. Therefore negative Reynolds stress contributions from Q2 and Q4 events are separated in computing the probability. Q2 events cause low momentum fluid present close to the bed to be ejected into the bulk flow and hence are an ideal mechanism for vertical mixing or to resuspend settling sediments. Figure 8 (a) shows Ôx P(x )Ô versus Reynolds stress value (x ) for the second quadrant events at z + = 18 for cases 0 and 3. Results for other bed-normal locations are similar and therefore not shown. The stress at which Ôx P(x )Ô reaches a peak value can be interpreted as the turbulent event that makes the largest contribution to the time and horizontal averaged mean Reynolds stress. Lets denote this Reynolds stress value as x m . For case 0, x m = -1.26 and the corresponding value of the turbulent event (fluctuating velocity) is ũ¢ m = (-2.42, 0, 0.521). Furthermore, the conditionally averaged flow field (conditional eddy) corresponding to this Reynolds stress event is a hairpin vortex (Adrian 1994) . So the question of turbulence sustainment can be posed in terms of the ability for this Reynolds stress maximizing hairpin vortex to produce and populate the subsequent generations of vortical structures (Adrian 2007 ). In the clear fluid case (case 0) the turbulent vortical structures are self-sustaining and the turbulence generation continues uninterrupted.
For case 3 the peak contribution to Reynolds stress occurs at a lower value of x m = -0.68 and the corresponding turbulent velocity event isũ¢ m = (-2.10, 0, 0.323). We can see from the They observed that the conditional vortical structure was able to auto-generate future generation of hairpin and quasi-longitudinal vortex structures when its intensity was greater than 2.0 2 x m .
It is important to mention that the auto-generation criterion given by Zhou et al. (1999) was for unstratified single-phase channel flow and hence it cannot be directly extended to stratified multiphase flows. As discussed above, the effect of increased settling velocity of sediments is not only to decrease x m , but also to reorient the event vector ũ¢ m to be increasingly parallel to the bed. As the event vector flattens it is probable that even higher initial vortex strength will be required to spawn next generation of structures. Thus the threshold value is likely to be different and much greater than 2.0 2 x m for auto-generation in case of flows with suspended sediments. It can therefore be conjectured that when settling velocity of sediments is increased above the threshold, the change in the spatial structure of the vortical structures combined with the reduction in their strength, together preclude sustained regeneration of turbulent vortical structures and ultimately the flow loses all turbulence. Since the flow in case 3 remains turbulent, it implies that some of the existing structures in the flow are intense enough to spawn next generation of structures to sustain turbulence. Case 4 corresponds to a settling velocity slightly above criticality and complete turbulence suppression is observed. Figure 11 shows the turbulent structures in case 4 at an instant when the flow is still in the process of turbulence suppression. Note that case 4 was started with a turbulent initial condition taken from case 3 and thus started with vortical structures similar to those shown in Figure 10 . However, due to the increased settling velocity, auto-generation process was disrupted and the flow has lost most of its turbulent structures. When continued, even the existing vortical structures in Figure 11 were not able to spawn the next generation of vortical structures and the flow lost all its turbulent fluctuations. From the turbulent statistics and the picture of instantaneous turbulent structures the following simple scenario is proposed, which leads to seemingly sudden and abrupt loss of turbulence. In the limit of zero settling velocity, the sediments are perfectly well mixed at all times with zero concentration fluctuations. Here the turbulent wall layer is populated with streamwise aligned hairpin vortex packets (as discussed in Zhou et al. (1999) ). These packets travel downstream and between their quasi-streamwise legs they cooperatively pump the near-bed low momentum fluid into the flow. These streaks provide an ideal environment for the subsequent formation of the next generation of hairpin packets. Figure 12 represents these streaks that are captured by the contour plots of Q2 events in the streamwise-spanwise plane close to the bed (this plane corresponds to z +~ 18). The contour plots show that the streaks are uniformly distributed throughout the plane.
Turbulent structures and mechanistic view of complete turbulence suppression
When we suddenly introduce sediments with non-zero settling velocity, the sediments are resuspended only in regions of sufficient upward (positive) bed-normal velocity fluctuations, while they settle down in regions of downward fluid motion. In particular, the streamwise aligned hairpin vortex packets provides the perfect environment for the upward transport of sediments. It is in these regions where increased sediment concentrations are expected. This process is captured in the contour plots shown in Figure 13a downstream, similar to the long streaks of low speed fluid, they leave behind well-correlated long streaks of high sediment concentration. Thus, subsequent generation of hairpin vortices are being formed in regions of steadily increasing sediment concentration. The increased concentration of sediment at the low speed streaks alters the character of the newly formed vortical structures. Furthermore, the additional buoyancy effect posed by the sediments can be expected to increase the threshold amplitude for the formation of next generation of vortical structures. Thus, increasing settling velocity of sediments leads to a decrease in the density of vortical structures. It can then be conjectured that once a threshold settling velocity is exceeded, the local accumulation of sediments at the low-speed streaks do not permit further generation of vortical structures. Without the auto-generation process active, the turbulence over time fully decays. Contour plots shown in Figure 13 and 14 are an indication of this mechanism. Figure 13 corresponds to case 1 where the sediment settling velocity is small and the stratification effect is weak. While Figure 14 corresponds to case 3 where the sediment settling velocity and the stratification effect is near critical. From case 0 to case 3, we see that the uniform distribution of Q2 events starts to breakdown and the Q2 events become less intense. The maximum Q2 event intensity encountered in the frame drops from 4.62 for case 0 to 3.64 for case 3. On the other hand, the concentration fluctuations increase explosively with increase in the settling velocity of the sediment particles. For case 3 large patches of high concentration fluctuations are observed and in these regions we see substantial reduction in the intensity of Q2 events. These observations suggest the possibility of the mechanistic proposal presented above. (20) can be integrated in bed-normal direction to give the global TKE balance. After integrating and applying the appropriate boundary condition, we get the following global TKE balance (21) where, Here -c b and -c t are the mean concentration on the bed and top boundary of the channel, respectively. Equation (21) represents the global TKE balance. The TKE spent to maintain sediments in suspension is captured by the two terms on the right hand side of (21) . When enough TKE is not available to maintain the sediments in suspension, net sedimentation will occur and the flow extinguishes eventually.
Criteria for complete turbulence suppression
Here we propose that Ri tṼ z represents the total TKE spent to keep sediments in suspension (since b is observed to be a fraction of Ri tṼ z in all the cases considered). Therefore, the condition for turbulence suppression is Ri tṼ z >K c , where K c is the critical value beyond which suspended sediments completely extinguish turbulence.
We have observed from previous figures that show various turbulence statistics that as long as the flow remains turbulent, turbulence statistics shows only a weak dependence on Ṽ z . Therefore to understand the effect of Reynolds number on the critical value K c , we seek the Re t dependence of TKE in a pure turbulent channel flow without sediments. In this limit TKE production can be exactly expressed as (Zanoun et al. 2009 ):
To obtain an estimate of TKE production, we use the empirical function proposed by Panton 2007, (22) Integrating the TKE production expression using the above empirical function gives a scaling relation for global TKE production with the Reynolds number. This scaling can be written as P ª 2.46 ln(Re t ) -5.97. This means that it is quite likely that K c will also have logarithmic dependence on Re t . We use laboratory and field data to validate this hypothesis. More details on the laboratory and field data can be found in our recent work Cantero et al. (2012b) . It must be recognized, however, that the field observations and laboratory experiments were not conducted with the goal of establishing the threshold value of K c . As a result, some of the information needed in the calculation of K c was not measured or reported, in which case we estimate a plausible range of values and compute the corresponding range of K c . Figure 15 presents the values of K c obtained from various experimental and field observations and are plotted against Re t . This figure also includes the simulation results for Re t = 180 and 400. The best fit is Ri tṼ z˙c rit = K c (Re t ) ª 0.041ln(Re t ) + 0.11.The experimental and field data show a definite upward trend, but exhibit considerable scatter. Thus, the scaling for K c is only intended to be a guideline. Clearly, additional higher Re t simulations and experiments with a focus on observing turbulence suppression by stratification are needed.
Bi-disperse suspensions
Now that we have a better understanding of the mechanisms of total turbulence suppression in turbidity currents driven by mono-disperse sediment suspensions, and that we have provided a criterion for predicting total turbulence suppression in mono-disperse turbidity currents, it will be interesting to extend and validate these findings for bi-disperse turbidity currents. We consider different suspensions in 2 sets A and B. In sets A and B the settling velocity of coarse sediments is fixed at 0.0275 and 0.035, respectively and the proportion of coarse to fine sediments is varied. In each set we start with a suspension containing a lot of fine sediments (g f = 1), which keeps the stratification effects to minimum. In subsequent cases (suspensions), the quantity of coarse sediments is increased at the expense of fine sediments. Thus, we increase the stratification effect in the flow while keeping the total sediment load constant. Eventually a critical suspension composition is reached so that even a small increase in the amount of coarse sediments will result in complete turbulence suppression. The critical suspension composition lies between cases 3B and 4B for set B. In set A, the critical composition is somewhere between case 3A and the extreme case of no fine sediments in the flow, i.e., g f = 0. From the mono-disperse simulations shown previously we know that g f = 0 forṼ c = 0.0275 will result in complete turbulence suppression. Complete details of all the simulations are listed in Table 2 .
Here we will consider some of the cases from set B and analyse the associated turbulence statistics for statistically steady flow. This analysis is intended to show the effect of composition of the bi-disperse suspension on the flow and the existence of critical composition, which brings about complete turbulence suppression. Figure 16 Table 2 for complete details of the cases shown in the figures.
stratification effects of different bi-disperse suspensions. From case 1B to 4B the amount of coarse sediment particles increases, thus increasing the stratification imposed on the flow. This increasing trend is seen in Figure 16 (a). The mean sediment concentration at the bed increases from 1.232 for case 1B to 5.036 for case 4B. Similarly the concentration gradient near the bed is seen to increase for case 1B to case 4B. Observe that from case 3B to case 4B there is a sudden change in the mean concentration profile that can be attributed to redistribution of coarse sediments in the channel. Most of the sediments are now concentrated close to the bed indicating loss in the mixing ability of the flow. Mean velocity profiles tell a similar story. From case 1B to 4B as the stratification increases, it inhibits vertical exchange of momentum and as a consequence the mean streamwise velocity gradient and the maximum mean streamwise velocity increases in the channel. This leads to increase in the bulk streamwise velocity (can also be interpreted as average mean velocity or flow rate) in the channel. Similar to mean concentration profiles, a substantial change in -u profiles is seen from case 3B to 4B. There is an abrupt jump in the bulk velocity and maximum streamwise velocity from case 3B to case 4B. Thus the ratio of Reynolds flux to settling flux represents the bed-normal mixing ability of the flow. Similar to Reynolds stress profiles, we can observe that from case 1B to case 3B only slight damping is seen in the mixing ability of the flow. But, beyond case 3B there is abrupt and total suppression of turbulent mixing --w¢c¢ leading to complete loss in the mixing ability of the flow. In summary, the above turbulence statistics reveal that complete turbulence suppression occurs when g f is reduced from 0.24 to 0.235. An interpretation of the above results would imply that at Re t = 180 and slope q = 5˚, to transport sediments with settling velocity of 0.035 in bi-disperse suspension, the fine sediments (Ṽ f = 0.0 ) need to make up at least 24% of the total sediment load. Similar observations can be made from the other set A. 
Mechanism of total turbulence suppression in Bi-disperse suspensions
In section 4.3, we identified a possible mechanism by which total turbulence suppression occurs in turbidity currents driven by mono-disperse suspension of sediments. This mechanism proposes that settling sediments shuts down the auto-generation process of the near wall hairpin and quasistreamwise structures which is essential in sustaining turbulence in the flow. The accumulation of sediments greatly alters the structures, i.e., their intensity is damped and their shape is modulated. The shutdown in the auto-generation process is brought about by excessive accumulation of sediment particles in the region of low speed streaks. The point of excessive accumulation is reached at the critical sediment settling velocity. How good is this mechanistic viewpoint for turbulence suppression in turbidity currents driven by bi-disperse suspensions. Figure 18 (a) and 18(b) shows the contour plot of Q2 events and concentration fluctuations for case 1B in a streamwise-spanwise plane close to the bottom wall. As expected the Q2 events are nearly uniformly distributed throughout the plane as the suspension is mostly comprised of fine sediment particles. Also, we see good correlation between the positive concentration fluctuation and the Q2 events in the flow. From case 1B to case 3B, the amount of coarse sediment particles increases at the expense of fine, i.e., the stratification effect in the flow increases. In figure 19(a) and 19(b) , which shows the contour plots of Q2 events and concentration fluctuations for case 3B, we see that the Q2 event are not nearly as uniform as case 1B or case 0 in Figure 12 . Furthermore, the maximum Q2 event intensity encountered in the frame has also reduced (from 6.08 for case 1B to 3.79 for case 3B). Substantial increase in the concentration fluctuations is also seen for case 3B. These figures are qualitatively very much similar to Figures 12, 13 and 14 that show the contour plots for monodisperse suspensions. Based on these observations, it implies that the mechanism of turbulence suppression in turbidity currents driven by bi-disperse and mono-disperse suspensions is similar.
4.6
Turbulence suppression criteria for Bi-disperse suspensions TKE equation of turbidity currents driven by bi-disperse suspensions can be written as (23) All the terms in the above equation have their usual meaning. Notice that only those terms that contain coarse sediment concentration remain on the right hand side. As before, equation (23) can be intergrated in wall normal direction to give the total TKE budget. Figure 18 . Contour plots of (a) Q2 events and (b) (c¢) at z +~ 18 for case 1B.
where As expected the turbulence damping effects (terms on the right hand side of (23), (24) are only due to the coarse sediments. This means that in such type of bi-disperse suspensions where the size of coarse sediments is fixed, the fractional volume concentration of coarse sediments, i.e. g c , controls complete turbulence suppression in the flow. Table 3 presents the TKE budget for cases that are closest to the critical turbulence-damping limit for the sets A and B. The TKE budget of case 5 which is the case closet to the critical turbulence damping limit for currents with mono disperse suspension of sediment, is also given in Table 3 . The TKE budget for these cases shows a striking agreement. As the critical state is approached the bulk TKE production (P) and TKE dissipation (OE) in the channel are observed to be insensitive to the composition of the suspension. Similarly, the damping terms b c and Ri tṼ cz g c for the bidisperse cases (3 and 3B) and the corresponding damping terms for the mono disperse case 3 from Table 1 are in close agreement. 
CONCLUSIONS
We have modeled dilute turbidity currents in bypass mode as an inclined channel flow driven by mono-disperse and bi-disperse suspensions of sediments. These suspended sediments under the influence of gravity drive the flow and simultaneously settle towards the bed. The interaction of sediments and turbulence leads to: (a) skewing of the streamwise driving force towards the bed and (b) stable stratification that damps bed-normal momentum and mass transport. We have carried out several simulations of turbidity currents driven by mono-disperse suspensions to understand the interaction of settling sediments and flow turbulence. We observe that at high enough sediment settling velocity, the strong stratification is responsible for completely suppressing turbulence in the flow. For the mono-disperse simulations with Re t = 180 and q = 5˚, the critical settling velocity lies between case 3 (Ṽ z = 0.026) and case 4 (Ṽ z = 0.0265). This means that the flow can be divided into two regimes, i.e. turbulence-stratified flows and turbulencesuppressed flows. Furthermore, there is sudden transition from one regime to another at the critical sediment settling velocity value. For mono-disperse simulations three parameters: Re t , Ri t and Ṽ z are identified that characterize the abrupt turbulence suppression in the flow. From TKE equation the parametric grouping Ri tṼ z is obtained, which represents the energy spent to keep sediments in suspension. We have shown that a critical value of Ri tṼ z exist beyond which turbulence is completely extinguished by stratification. Furthermore, from the scaling relations of TKE production and TKE dissipation with Re t in a pure channel flow, we propose a logarithmic dependence for critical Ri tṼ z with increasing Re t .
We have also carried out several simulations of turbidity currents driven by bi-disperse suspensions. These simulations are carried out at the same Re t and Ri t as the mono-disperse simulations. This facilitates the comparison of turbulence suppression mechanisms and the criteria for complete turbulence suppression presented for the mono-disperse simulations with the bidisperse simualtions. In the bi-disperse model, fine sediments are assumed to have negligible settling velocity and hence they maintain nearly uniform concentration throughout the channel. On the other hand, the coarse sediments are such that they have large settling velocity and impose a strong turbulence damping effect on the flow. Therefore the asymptotic state of the flow is determined by the combined effect of these two sediment types. Various simulations were carried out under two sets A and B, where sets A and B correspond to coarse sediments with settling velocity 0.0275 and 0.035, respectively. In the two sets, there exist as critical composition (fine to coarse sediment proportion) such that even a small increase in the amount of coarse sediments (at the expense of fine sediments) leads to complete turbulence suppression. This sudden turbulence suppression is very much similar to the trends observed in the mono-disperse simulations, i.e. in subcritical suspension composition the flow remains vigorously turbulent with slight damping in its intensity, but as soon as the critical composition is reached it brings about complete turbulence suppression. Through simulations it is evident that a minimum quantity of fine sediments is needed to keep the flow alive i.e. to keep turbulence active so that the coarse sediments can be retained in suspension. This is the underlying mechanism by which real turbidity currents derive their ability to transport large/heavy sediments for long distances.
Turbulence suppression mechanism is first explored for currents carrying mono-disperse suspension of sediments. It is proposed that the turbulence suppression occurs because the turbulent structures existing in the flow become incapable of spawning subsequent generation of vortical structures. Zhou et.al. 1999 have shown that turbulent structures of sufficiently strong intensity possess the ability of auto-generation. Through statistical analysis of Q2 events and visualization of vortical structures close to the wall, we identified that settling sediment lead to local regions of high positive concentration fluctuations which occur near the Q2 events (low speed streaks). This accumulation damps the intensity of structures and modulates their shape. The global effect of this is that the flow looses energetic structures that are capable of autogeneration and in time all the turbulence dissipates. The simulation of bi-disperse suspensions shows that this viewpoint is robust and similar observations can be made even for bi-disperse suspensions.
